In RNA secondary structure prediction, nearest-neighbor parameters are used to determine the stability of a given structure. We derived the nearest-neighbor parameters for RNAs containing inosinecytosine pairs. For parameter derivation, we developed a method that combines UV adsorption measurement experiments with free-energy calculations using molecular dynamics simulations. The method provides fast drop-in parameters for modified bases. Derived parameters were compared and found to be consistent with existing parameters for canonical RNAs. A duplex with an internal inosine-cytosine pair is 0.9 kcal/mol more unstable than the same duplex with an internal guanine-cytosine pair, and is as stable as the one with an internal adenine-uracil pair (only 0.1 kcal/mol more stable) on average.
Introduction
RNA molecules undergo various types of co-and post-transcriptional modifications. According to the MODOMICS database (Boccaletto et al., 2018) , over 150 types of modifications are enzymatically introduced to transcripts across various species. Adenosine-to-inosine modification (a.k.a. A-to-I RNA editing) is catalyzed by adenosine deaminases acting on RNA (ADARs) converting adenosine in a RNA duplex (i.e., adenosine in A-U base-pairs) to inosine (Nishikura, 2010) and is one of the most prominent modifications in mammals. Currently, high-throughput sequencing methods, such as RNA-seq (Tan et al., 2017) and ICE-seq (Sakurai et al., 2014) , provide the transcriptomic landscape of the A-to-I RNA editome. In the human tran-scriptome, more than 20,000 protein-coding/non-coding RNAs harboring 2.5 million A-to-I editing sites have been collected in the RADAR database (Ramaswami and Li, 2014) .
Over the past decades, the secondary structures of RNA molecules have been experimentally investigated and computationally predicted, clarifying the relationships between their molecular functions and secondary structures (Hofacker, 2014; Seetin and Mathews, 2012) . For example, pre-miRNAs and tRNAs are characterized by hairpin (Kozomara and Griffiths-Jones, 2014) and cloverleaf (Chan and Lowe, 2009 ) structures, respectively, despite the diversity of their primary sequences (Griffiths-Jones et al., 2003) . Most of the computational predictions of RNA secondary structures are based on the nearest-neighbor (NN) model in which the stability of RNA duplexes is estimated as the summation of the free-energies of two adjacent base-pairs.
These parameters, also known as NN parameters (Mathews et al., 1999; Xia et al., 1998) , are derived from the thermodynamic measurement of RNA duplexes consisting of various pairs of the four standard RNA nucleotides (A, C, G, and U).
It is well known (Crick, 1966; Nishikura, 2010 ) that inosine forms a Watson-Crick type pair with cytosine and a wobble pair with uridine ( Fig.   1A ). However, computational predictions of secondary structures for inosinecontaining RNA molecules are currently difficult because the NN parameters for inosine-cytosine (I-C) pairs have not been investigated, though the parameters for inosine-uridine (I•U) pairs have been reported (Wright et al., 2007) . In an alternative method, inosines are treated as guanines in primary sequences (based on their similarity) for the purpose of predicting the secondary structures of inosine-containing RNAs. However, this method overestimates the stability of I-C pairs, because a G-C pair consists of three hydrogen bonds, whereas an I-C pair consists of only two.
In previous research, we have shown that the combination of experimental free-energy measurements and free-energy calculations based on physicochemical simulation can be used to accurately estimate NN parameters (Nishida et al., 2018; Sakuraba et al., 2015) . In the present work, we applied this method to determine the NN parameters for inosine-cytosine pairs (Fig. 1B) . We compare the derived NN parameters with the corresponding parameters for other bases.
Results
Experimental and computational duplex forming free-energy differences Tables 1 and 2 (Table 3) .
To validate these parameters, we first predicted the free-energy differences for the duplex formation based on the derived NN model and com-pared them with the experimental ∆G values and computational ∆∆G values. Figure 2 presents the observed or calculated free energies versus the predicted free energies. As explained in the Methods section, the NN parameters were determined in favor of experimentally determined values. This is reflected in Fig. 2 (Fig. 3) . Values from the model and the experiment agreed well (MAD = 0.41 kcal/mol and R 2 = 0.94), indicating that the estimated free-energies are not sensitive to the elimination of a sample. We also tested whether the NN parameters are stable using an offby-one analysis. The standard deviation of the parameters were within 0.12 kcal/mol, below the estimated standard deviations for any parameters. From these results, we concluded that the current parameter set is reasonably robust.
The NN parameters of all possible I-C and Watson-Crick pairs were all negative ∆G (favorable) values. For the case in which an inosine was at the 5 -end, the stabilities of the tandem pairs were ranked as follows:
The difference between the parameters reflects the higher stability of guanine-cytosine (G-C) pairs compared with adenine-uracil (A-U) pairs, where the G-C pairs contain three hydrogen bonds between bases but the A-U pairs contain only two. The relative stability between the pairs with the same number of hydrogen bonds may reflect a more complex effect from the stacking. For the case in which an inosine was at the 3 -end, the stabilities of the tandem pairs were ranked as follows:
This again reflects the number of hydrogen bonds. For tandem inosines, the trend was as follows:
We also compared the NN parameters with those obtained from experimental results alone (third column of Table 3 ). The differences between the parameters were marginal, all less than 0.40 kcal/mol. This is as expected because we used larger errors for the computationally obtained ∆∆G values in the calculation of NN parameters.
Discussion
Comparison to the related NN parameters We compared the obtained NN parameters with the canonical NN parameters (Table 3 ). The fourth column ("I-C→G-C") represents the NN parameters when I-C pairs were replaced by the G-C pairs (the column thus represents the NN param-eters for GA CU , GC CG , and so on). The NN parameters with I-C replaced by G-C (excluding any terminal bonus) had 1.17 kcal/mol lower free-energy differences on average compared with the I-C counterparts. The result is reasonable because each G-C pair has three hydrogen bonds, whereas each I-C pair has only two hydrogen bonds. The difference is thus considered to reflect the increased stability of G-C pairs with their additional hydrogen bond. The tendency is more prominent when parameters for only tandem I-C pairs are considered, where G-C containing pairs are 1.92 kcal/mol more stable than I-C counterparts. This is again reasonable because tandem G-C pairs have two additional hydrogen bonds compared with tandem I-C pairs.
When I-C pairs were replaced by A-U pairs ("I-C→A-U"), the free-energy differences were comparable (0.08 kcal/mol in favor of I-C pairs). Again, this is considered to reflect the similar relative stability of A-U pairs (with two hydrogen bonds) and I-C pairs (also with two hydrogen bonds). The difference in the average parameters for tandem pairs was small as well (0.03 kcal/mol).
When the I-C pairs were replaced by I•U pairs, the free-energy difference of the duplex formation increased by 1.93 kcal/mol on average (Table   3, A-U pairs were generally more stable than tandem G•U pairs despite both having two hydrogen bonds between pairs (Table 3 , "I-C→A-U" and "I-C→G•U"), possibly due to the structural instability of consecutive wobble pairs.
I-C bonus at RNA termini In Table 3 , ∆G • 37 for a terminal I-C pair is -0.28 kcal/mol, indicating that there is a bonus when an I-C pair occurs at a terminus. This implies that I-C pairs at termini are more favored than G-C pairs. Indeed, the same tendency was also observed in the experimentally derived parameters (Table 3) . Furthermore, terminal I•U wobble pairs have been reported (Wright et al., 2007) to be more stable than terminal G-C pairs (by -1.33 kcal/mol). Although the detailed mechanism is unclear, these results indicate that inosine-containing base pairs are favored on 5 -and 3 -ends compared with C-G pairs. It is possible that single-stranded inosine is unstable because of structural restraints, entropic contributions, and/or solvation effects. Another possibility is that the observed stability of a terminal inosine reflects biases in the sequence design. Experimentally measured sequences containing I-C and I•U pairs are very limited in variation. All sequences with terminal I-C or I•U pairs in Table 1 and Wright et al. (2007) were GC rich (i.e., > 50% of base pairs are G-C). Errors that had accumulated due to this lack of variation may have caused this rather counterintuitive result. It has recently been shown that the accumulation of errors may sum up to unexpectedly large errors in the case of canonical NN parameters (Zuber et al., 2018) . Limited variation in the sequences may have similar consequences in the case of both current I-C and I•U parameters.
Future Research and Conclusions Because the simulations inherently
have a systematic bias from the experiments, the current NN parameters may be somewhat inaccurate. Ultimately, the parameters will be superseded by fully experimentally determined parameters. Meanwhile, the methodology of combining experiments with low-cost calculations should provide drop-in replacements for modified RNA parameters.
Recently, multiple RNA force fields (Aytenfisu et al., 2017; Kührová et al., 2018; Steinbrecher et al., 2012; Tan et al., 2018; Yang et al., 2017) have been proposed for the performance of precise RNA simulations. The main differences between the current RNA force field parameters and these new parameters are dihedral angle parameters (Aytenfisu et al., 2017) and van der Waals parameters (Steinbrecher et al., 2012; Tan et al., 2018; Yang et al., 2017) . In the present research, because only the duplex-forming energy was considered, the difference in the dihedral angle parameters affects the stability of only single-stranded structures, whose contribution to the total free-energy difference may not be significant. The modification of the van der Waals parameters, on the other hand, may affect the stability of both single-stranded and duplex structures. These parameters may thus enable more accurate free-energy calculation and hence more accurate free-energy parameters. In parallel to these approaches, an implicit-solvent force field has recently been used to successfully estimate free energy (Chou et al., 2016) . Combining these methodologies may contribute to the accurate, lowcost determination of NN parameters for various modified RNAs.
In the present research, only RNA duplex formation parameters were derived. Although parameters for the duplex formation are essential for RNA structure prediction, several other parameters are also known to contribute to more accurate RNA structure prediction. In particular, Zuber et al. (2017) recently reported that dangling and loop-initiation parameters strongly affect structural prediction accuracy for canonical RNAs. Combined with a recent report on the computational derivation of ∆∆G of hairpins (Smith et al., 2018) , methodologies for deriving non-stem parameters would be a valuable addition to the current parameter derviation scheme.
Additionally, in the present research, the enthalpic and entropic terms were considered in only the experiments, not the simulations. Hence, the derived parameters cover ∆Gs at only 37 • C. Deriving parameters for a wider range of temperatures would enable prediction of structures at different temperatures. Additionally, recent research has suggested that using a multiple-state model improves the fit to UV-melting experiments.
Adjusting the current methodology to fit such cases will be beneficial.
Finally, combined with the I•U wobble pair parameters by Wright et al. (2007) , it is now possible to predict the secondary structure of inosinecontaining sequences. The development of bioinformatic tools that enable structure prediction of inosine-containing sequences is important from a practical perspective.
In conclusion, we derived the NN parameters for RNAs containing I-C pairs by combining experiments and simulation. The derived parameters are consistent with the existing NN parameters for canonical bases. The current work also exemplifies a methodology for combining experiments with calculations in order to derive parameters for various modified RNAs.
Materials and Methods

NN model
In the NN model, the standard free-energy difference ∆G • of forming a duplex is approximated by the sum of the energies for duplex initiation and those for two base pairs. For example, the standard free-energy difference for forming the duplex 5 -CAIA-3 and 5 -UCUG-3 at 37 • C is approximated as ∆G
• 37
where ∆G • 37,init is the duplex initiation energy and ∆G • 37 XY ZW is the freeenergy difference for each of the two neighboring base pairs. ∆G • 37,termAU represents the penalty for each A-U pair appearing at the 5 -and/or 3 -ends. The free-energy difference for each two neighboring base pairs as well as penalties or bonuses at termini are represented by the NN parameters.
The NN parameters are widely adapted as a fundamental parameter to estimate the secondary structure of RNAs (Hofacker, 2014; Seetin and Mathews, 2012) . In this research, we only consider Watson-Crick type or wobble base pairs. Furthermore, unless otherwise stated, we only consider sequences at 37 • C (i.e., 310K), and the temperature subscripts 37 may be omitted from the notation.
As explained in the Introduction, our goal in this research is the derivation of the NN parameters for duplexes containing inosine-cytosine pairs.
The NN parameters were typically determined from UV melting experiments; as also explained in the Introduction, this research has combined UV melting experiments with molecular simulations to estimate the parameters. Figure 1 represents the overview of approaches to determine the NN parameters. In addition to experimentally determined duplex-forming energies, we obtain the relative free-energy differences to supplement the parametrization.
UV adsorption measurements
The free-energy difference upon duplex formation for inosine-containing sequences were measured using UV adsorption experiments.
Sequence design The sequences of inosine-containing RNAs were determined to meet the following criteria: (1) some NN parameters can be derived directly from experimental results, (2) self-pairing or staggered pairing is prevented, and (3) duplexes are stable enough to allow measurements around room temperature. We used DuplexFold in RNAStructure (Reuter and Mathews, 2010) to estimate the stability of RNA pairs, where we replaced inosine with guanine during the prediction. Table 1 Table S1 . 
Data analysis
The duplex-forming free-energy difference was estimated from the regression between the concentration of the RNA (C t ) and the melting temperature (T m ). We followed the procedure detailed by Xia et al. (1998) 
Free-energy calculation
Although the direct calculation of free-energy differences upon duplex formation is possible (Deng and Roux, 2009; Tan et al., 2018; Wang et al., 2006) , such calculation often requires considerable computational resources and/or dedicated hardware to achieve an accuracy comparable to that based on experiments. This is because there are large structural changes between the two end states (i.e., the duplex form and the unbound form), and the various conformational changes from two states should be sampled to achieve better convergence. Instead, we considered the calculation of the relative free-energy difference. Here, we considered the relative freeenergy difference with respect to the mutations to nucleotide bases, that is, the difference in duplex-forming energies between two RNA duplexes ∆∆G AB = ∆G B − ∆G A . This kind of free-energy difference causes smaller conformational changes, and thus the resulting relative free-energy difference converges faster (Krepl et al., 2013; Sakuraba et al., 2015) . Similar approaches have also been demonstrated to be computationally efficient in analyses of protein-drug complexes (Wang et al., 2015) . Furthermore, we have shown that such relative free-energy differences can also be used to estimate NN parameters in combination with experiments (Nishida et al., 2018) . The relative binding free-energy changes were calculated for various inosine-containing RNA duplexes using the free-energy perturbation method.
Sequence design We chose pairs of inosine-containing duplexes so as to meet the following goals: (a) the pairs cover a variety of the NN parameters containing inosine, (b) the mutations between duplexes do not contain unnecessary canonical NN changes, (c) all duplexes are stable enough to hold a duplex form at 37 • C, (d) the sequence does not contain excessive repetition, (e) there are only two or fewer base pair mutations, (f) termini are paired as G-C or I-C (for stability), and (g) sequence lengths are 6 or 7 bases. We optimized the pairs using in-house software to meet the criteria above. During the design process, we used the Vienna RNA package (Lorenz et al., 2011) to predict the stability of various duplexes, with inosine bases replaced by guanine bases during the prediction.
System setup The relative free-energy differences were calculated with the free-energy perturbation method. We used the same protocol as described by Sakuraba et al. (2015) to calculate the free-energy difference; for the detailed procedure, please consult this previous study. Parameters associated with atoms (van der Waals radii and charges) were gradually changed between two end states (pairs A and B) to compute the free-energy difference. The 1-1-48 soft-core potential function (Pham and Shirts, 2011 ) was used to remove numerical instability during the calculation. Both charges and the van der Waals radii were treated with the soft-core potential.
For the 30 duplex pairs listed in Table 2 , all-atom, explicit-water models were constructed. The AMBER14SB (AMBER99 + bsc0 + χOL3 (Cheatham III et al., 1999; Perez et al., 2007; Zgarbová et al., 2011) for nucleic acids)
force field and a monovalent cation force field developed by Joung and
Cheatham (Joung and Cheatham, 2008 ) were used to model the system.
Water molecules were modeled using TIP3P, and the system was solvated with 1 M NaCl solution. The atomic charges of an inosine molecule were determined by the RESP method (Bayly et al., 1993; Cieplak et al., 1995) . The dihedral angle parameter with respect to the χ angle was set equal to that from the adenine molecule in a χOL3 force field (Zgarbová et al., 2011) . The total number of atoms in the system was between 13,741 and 16,481. For each pair of duplexes, the free-energy difference with respect to the mutation was calculated using the weighted histogram analysis method (multistate Bennett acceptance ratio method) (Kumar et al., 1993; Shirts and Chodera, 2008; Souaille and Roux, 2001 ). The Hamiltonian replica exchange method (Fukunishi et al., 2002 ) was used to sample various conformations between two end states (28 replicas in total). Free-energy differences were calculated for the duplex state and two single-stranded states, and the total relative free energy difference was calculated according to the thermodynamic cycle 
NN parameter estimation
We derived the NN parameters using both the experimentally derived freeenergy differences and the computationally derived relative free-energy differences. We used a method described by Nishida et al. (2018) to combine experimental and computational results. Here, we briefly describe the method to derive the NN parameters.
Linear least square model With the NN model, the RNA duplexforming energy can be approximated as the matrix-vector product From Eq. (2), the NN parameters are determined by solving the least square fitting problem. The parameters are readily obtained as
where M † is the Moore-Penrose pseudoinverse of the matrix M , and Σ is a diagonal matrix whose diagonal elements are standard deviations of all experiments and calculations combined. In this work, we assumed that all experiments and all calculations are independent and that their errors are not correlated. Expected standard deviations can be derived similarly (Nishida et al., 2018) and are presented alongside the parameters in Table 3 . In our previous work (Sakuraba et al., 2015) , we observed a mean absolute deviation of 0.55 kcal/mol in the simulation of canonical bases. Based on this result, to compensate for the systematic biases, we offset the estimated statistical errors from the free-energy simulation by 0.50 kcal/mol. This protocol adjusts the NN parameters to favor experimentally measured free energies, reflecting the uncertainty arising from the systematic bias in the computationally derived free energies. For a comparison, we also derived the NN parameters from the simulation-derived free energies only. Derived parameters are presented in Table SII . Derived parameters indicated a slight deviation from the experimental values as presented in Fig. SI , therefore, we concluded that the inclusion of experimental parameters is necessary for the accurate parameter derivation.
Derivation of parameters
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Characterization data for the synthesized inosine oligo RNAs, NN parameters from only simulations, and parameter files we used for inosine simulation are available in the supporting information. Xia et al. (1998) . b Wright et al. (2007) . c Mathews et al. (1999) et al. (1999) , the free energy parameter for each terminal G•U is assumed to be the same as the terminal A-U parameter. e Does not include a terminus bonus or penalty. NN, nearest neighbor.
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